Low-cost motion systems have been proposed for certain training tasks that would otherwise be performed on high-performance full flight simulators. These systems have shorter stroke actuators, lower bandwidth, and higher motion noise. The influence of these characteristics on pilot perception and control behavior is unknown, and needs to be investigated. A possible approach to this would be to simulate a platform with limited capabilities with a high-end platform, and then remove the platform limitations one by one. The effects of these platform limitations on pilot behavior can then be investigated in isolation. In this paper, a model of a low-cost simulator was validated for simulation on a high-performance simulator. A dynamic model of the MPI Stewart platform was analyzed and compared with measurements of the baseline simulator response. Measurements for validation of the implementation of the model on the SIMONA Research Simulator showed that the dynamics of the MPI Stewart platform could be represented well in terms of dynamic range, time delay, and noise characteristics. The implementation of the model of the MPI Stewart platform will be used in experiments on the effects of these characteristics on pilot control behavior.
Introduction
Full flight simulators are used for pilot training throughout the world and provide an effective, efficient, and safe environment for practicing flight-critical maneuvers outside the real aircraft. However, there is an on-going debate about the effectiveness of using simulator motion systems and the need of simulator motion cueing for pilot training (Bürki-Cohen et al., 1998; Sparko and Bürki-Cohen, 2010) . Some argue that training without motion may induce pilots to overcorrect, while training without motion may help pilots to adopt a more steady control strategy (Go et al., 2003) . In a recent meta-analysis on transfer-of-training experiments it was concluded that simulator motion seems important for flight-naïve subjects performing dynamic tasks, but not for expert pilots undergoing recurrent training for flight maneuvers (de Winter et al., 2012) . The variation in characteristics of the simulator motion platforms used in these studies, however, is considerable, which makes it difficult to draw general conclusions.
A simulator can only be accepted as a valid tool for training if its fidelity is high enough. This means that, for a given training task and environment, the simulator should induce 'adequate' human behavior, that is, behavior similar to that found in the real world. This can be measured objectively by identification of skill-based behavior (Rasmussen, 1983) , and evaluating changes in the identified parameters of a pilot model (Mulder et al., 2004) . Studies on the influence of simulator motion have shown significant changes in pilot behavior in the closed-loop control tasks that were performed (Stapleford et al., 1969; Ringland and Stapleford, 1972) . Similarly, an increase in pilot performance was found when using simulator motion compared to conditions in which simulator motion was switched off (Zaal et al., 2009b; Pool et al., 2008) .
Apart from the pure availability of motion, certain characteristics of the motion system can also play a role in its effectiveness. The motion cueing (or washout) filters transforming the aircraft's motion into simulator motion can significantly alter the pilot's perception and control behavior (Ringland and Stapleford, 1971; Telban et al., 2005; Pool et al., 2010) . This influence is currently being acknowledged by the proposed inclusion of these cueing filters in a new approach of classifying motion systems for training simulators (Advani et al., 2007) . Another aspect is the influence of using lower cost motion bases (e.g., shorter stroke actuators, lower bandwidth or dynamic range, and lower smoothness or higher noise). According to ICAO 9625, these motion systems can be used for simplified non-type specific training with reduced magnitude of motion cues (ICAO 9625, 2009 ).
Usually, simulator fidelity is assessed with technology-centered metrics, such as the simulator hardware measurements defined in AGARD-144 (Lean and Gerlach, 1979) . However, simulator operators in industry, research labs, and academia tend to be rather restrained in publishing measured objective performance of their simulator motion systems. Furthermore, crossplatform evaluations are rare, even though a suitable criterion has been proposed (Advani et al., 2007) . This hampers the development of a unified approach to assess the exact quality of simulator motion systems. It also means that the results of many experiments on the effects of motion are difficult to compare.
The current study aims to investigate the role of motion systems in a simulator environment. Our ultimate goal is to examine the influence of motion system characteristics such as bandwidth, time delay and smoothness on pilot control behavior. The present study does not consider the use of motion cueing but rather focuses on the basic properties of the motion system itself. For this purpose, two research simulators are used: 1) the SIMONA Research Simulator (SRS), located at Delft University of Technology, a relatively large hydraulic motion simulator, and 2) the MPI Stewart platform, located at the Max Planck Institute for Biological Cybernetics, a mid-size electric simulator with more restrictive characteristics.
By creating a model of the MPI Stewart platform and simulating that model on the SRS, the various simulator motion system limitations can be varied independently and even eliminated. Through a systematic variation of the simulated characteristics, it can then be determined which motion system characteristics, e.g., dynamic range or noise levels, have the most influence on pilot control behavior by identifying multi-channel perception and control in closed-loop control experiments (Nieuwenhuizen et al., 2008; Zaal et al., 2009a) . For this purpose, a pitch-heave control task is performed, similar to previous research that focused on the influence of pitch motion cues, heave motion cues, and motion filter settings (Zaal et al., 2009b; Pool et al., 2010) . Therefore, the motion system modeling and simulation in this paper will focus on the pitch and heave degrees of freedom of the MPI Stewart platform and the SRS.
Previous measurements on the SRS showed that the simulator has a considerable dynamic range (Koekebakker, 2001) . Its hydraulic actuators feature a large stroke and hydrostatic bearings for low noise and minimal vibration. The MPI Stewart platform is a mid-size hexapod motion platform with electric actuators. Its dynamic operating range was measured and was found to be rather restricted, mainly due to input smoothing filters implemented in the motion drive software by the manufacturer (Lean and Gerlach, 1979; Nieuwenhuizen et al., 2008) . From a comparison between the two simulators, the SRS was deemed suitable to simulate the characteristics of the MPI Stewart platform for the purpose of this study. In this paper, the implementation and validation of a model of the MPI Stewart platform on the SRS is discussed. First, in Section 2 the research simulators are introduced and briefly compared. The approach for creating a model of the MPI Stewart platform for simulation on the SRS is introduced in Section 3. A full rigid body dynamics model of the MPI Stewart platform is developed and its parameters determined in Section 4. As supported by an analysis of the full model and additional measurements on the MPI platform, a reduced model of the MPI platform is constructed in Section 5 for use in the remainder of the study. The validation measurements of the MPI platform as simulated on the SRS are described in Section 6, together with the baseline characteristics of the SRS. This is followed by some conclusions on this part of the study.
Research simulators
The MPI Stewart platform and the SRS can be used to investigate perception and control behavior of humans in closed-loop manual control tasks as well as in open-loop human perception experiments. The simulators are shown in Fig. 1 . The motion systems of both simulators are configured as a hexapod, which are capable of carrying relatively large payloads and maintaining high rigidity (Advani, 1998) . The motion system for most simulators, e.g., training simulators for airline pilots, are based on this configuration, first applied to flight simulation by Stewart (1966) .
MPI Stewart platform
The MPI Stewart platform, shown in Fig. 1a , is based on a mid-size electric motion platform (Maxcue 610-450, MotionBase, United Kingdom). The platform is equipped with a custom-built cabin that allows for modular adjustments of the input devices. A flat or curved screen with a field of view of approximately 72° horizontally and 53° vertically can be used as visual display for projections. The platform is controlled through an in-house software framework that handles the network communication between various computers.
The motion system of the MPI Stewart platform features platform filters for all degrees of freedom, implemented by the manufacturer. The platform filters are implemented as low pass filters to smooth the simulator position setpoints. These filters are not to be confused with motion cueing filters, which would filter the output of, e.g., the aircraft dynamical model such that the simulator remains within its limits. Motion cueing filters are neither used nor investigated in this phase of the project.
The transfer function of the platform filters is given by the following equation:
where represents the filter break frequency. Its default value is 1 Hz. Thus, the platform filters can be fairly restrictive for the default setting and reduce the magnitudes of the motion input signals above 1 Hz significantly. In addition, the platform filters introduce a phase lag that is noticeable during operation of the platform. However, the break frequency can be increased, and values up to 10 Hz will be used in performance measurements on the MPI Stewart platform.
SIMONA Research Simulator
The motion system of the SRS, depicted in Fig. 1b , has a similar design to the MPI Stewart platform, but features hydraulic actuators with hydrostatic bearings (Berkouwer et al., 2005) . The SRS is equipped with a collimated visual display system with a field of view of 180° horizontally and 40° vertically. The cabin features a generic two-person flight deck with control loading devices such as a yoke, sidestick, and pedals. The SRS is controlled through the real-time software framework DUECA developed at Delft University of Technology (van Paassen et al., 2000) .
The motion system of the SRS is highly configurable. The SRS does not use any platform filters like the MPI Stewart platform, and can be operated without filtering the motion cues from simulated vehicle dynamics. 
Comparison of simulator characteristics
In Table 1 , the characteristics of the MPI Stewart platform and the SRS are summarized. The SRS has a larger workspace in the translational degrees of freedom, obviously due to the larger stroke of its actuators. The workspace in the rotational degrees of freedom is comparable for both simulators, as this does not depend on the actuator stroke, but rather on the layout of the simulator gimbals. The actuators of the SRS are capable of generating higher velocities and accelerations than the actuators of the MPI Stewart platform. Thus, the SRS was deemed suitable for simulating a model of the basic motion platform characteristics of the MPI Stewart platform, including the platform filters.
Stewart platform modeling and validation approach
In this section, the modeling approach is elaborated for developing and validating a model of the MPI Stewart platform for simulation on the SRS. First, the describing function measurements will be defined that are used in most measurements presented in this paper. Second, the ICAO Objective Motion Cueing Test (OMCT) for describing simulator characteristics is introduced (Advani et al., 2007; ICAO 9625, 2009 ). Third, an overview of the modeling approach is given.
Describing function measurements
Describing functions provide insight into the dynamic properties of a system by giving the relation between the provided input and the measured output of that system in terms of a magnitude and phase distortion at the input frequencies. In this case the measurements were performed in the pitch and heave degrees of freedom and the response of the system was measured with Inertial Measurement Units (IMUs). The measured describing functions are strictly speaking only valid at the measurement frequency and amplitude of the measurement, and at the position within the workspace where the measurement is conducted, as all motion systems are non-linear to a certain degree (Lean and Gerlach, 1979) . However, for systems that are only slightly non-linear, the describing functions approximately match the transfer functions of a linear system. Thus, the describing function can be considered a linear description of the system dynamics.
The measurements were performed in two measurement runs. In these two runs, the motion commands were multi-sine signals that consisted of five and six frequency/amplitude pairs, respectively. These have been used in previous research for determining the describing functions of the MPI Stewart platform (Nieuwenhuizen et al., 2008) . The amplitudes of the individual sine waves with frequency are specified in accelerations, but can be transformed analytically to velocity or position signals. The multi-sine input signals are calculated as follows:
for which the properties are given in Table 2 for the translational and rotational degrees of freedom. Table 2 . Properties of the multi-sine signals for translational and rotational degrees of freedom.
The measured describing functions will be presented in Bode diagrams, which depict magnitude and phase of the system response as a function of frequency. In this way, important system characteristics such as possible resonance and time delays can be determined easily.
Objective Motion Cueing Test
A different way to quantify the dynamic response of the MPI Stewart platform and the SRS is to convert the measured describing functions to the OMCT criterion. This criterion aims to objectively qualify and regulate the motion cueing performance of flight simulators (Advani et al., 2007; ICAO 9625, 2009 ). It encompasses the entire simulator cueing system, which consists of the motion cueing algorithms, motion platform hardware and controllers, and time delays. In this study, no motion cueing algorithms were used, so the criterion describes the low-level controllers and hardware only. The criterion plots the magnitude and phase of the cueing system response with respect to performance bounds, similar to a Bode diagram for the describing functions. The performance bounds are currently an initial version and will be refined in the future (Advani et al., 2007) .
Overview of the modeling and validation approach
For simulating the MPI Stewart platform on the SRS, a model was developed and validated. An overview of the six-step modeling and validation approach used in this project is given in Fig. 2 .
The steps taken in this modeling approach are as follows: 
MPI Stewart platform model
As a first step in the modeling approach, a mathematical model of the MPI Stewart platform was developed based on previous research (Nieuwenhuizen et al., 2009) . In this section, the model and the estimation of its parameters will be summarized.
Summary of model assumptions
The dynamic model for the MPI Stewart platform is based on several assumptions. Relatively safe assumptions are that the platform cabin is taken as a rigid body. Second, the platform cabin is symmetric, and therefore the cross products of inertia are assumed zero. Third, the gimbal locations are based on specifications by the manufacturer. Small deviations on the MPI Stewart platform are possible, however, and may have a small impact on the calculated pose and Jacobian matrix. Fourth, the platform actuator measurements are assumed to be properly calibrated by the manufacturer. Fifth, hysteresis in the actuators is not modeled.
A stronger assumption is taken by not accounting for the mass and inertia properties of the actuators. The mass of the actuators forms a reasonable part of the simulator weight, but modeling of the inertia properties was considered infeasible due to a lack of accurate actuator measurements. Furthermore, the noise of the MPI Stewart platform introduced by the actuators is only considered around the neutral position of the simulator. It is assumed to be a filtered stationary Gaussian white noise signal with a mean of zero. A dependency on simulator pose and velocity is not taken into account.
Finally, a frequency range of interest up to 10 Hz is considered for the model. In this range the SRS is considered to provide reliable motion cues for simulation of the model. This will be verified with measurements of the baseline response in Section 6. 
Kinematics and dynamics
The reference frames for the MPI Stewart platform are depicted in Fig. 3 . The simulator cabin reference frame, ℱ , has its origin in the Upper Gimbal Point (UGP), which is the center of the upper frame of the motion system. The -axis points forward in the plane of symmetry, and the -axis points to the right, perpendicular to the plane of symmetry. The -axis points down in the plane of symmetry. The inertial cabin reference frame is indicated with ℱ . When the simulator is in its neutral position, the inertial cabin reference frame is aligned with the simulator cabin reference frame, but it does not move with the simulator cabin. The simulator base reference frame, ℱ , is located on a plane that intersects the lower gimbals of the actuators, with its origin 1.209 m below the inertial cabin reference frame and very close to the floor.
The kinematics of a Stewart platform describe the relation between the platform pose, velocity and acceleration, and the actuator lengths and its derivatives (Koekebakker, 2001; Advani, 1998; Harib and Srinivasan, 2003) . The platform pose is defined as follows (Koekebakker, 2001; Advani, 1998) 
Here, the translational degree of freedom in surge is given as , in sway as , and in heave as . The translational degrees of freedom are grouped in vector , which is the location of the UGP relative to the simulator base reference frame. Euler angles , , and denote the platform roll, pitch, and yaw angles of the cabin, respectively. The Euler angles have associated angular velocities of the cabin given as , , and , which are grouped in vector .
The actuator lengths, velocities, and accelerations can be calculated from the platform pose and its derivatives by using the inverse kinematics. As the Stewart platform is a parallel motion system, the inverse kinematics can be calculated analytically (Harib and Srinivasan, 2003) . For the inverse position kinematics, the following equation holds in ℱ for actuator (Koekebakker, 2001; Advani, 1998 ): where contains the vector between the actuator attachment points on the base and cabin frame, is the rotation matrix between the base and cabin frame, and where and are the location vectors of the gimbals of the cabin and base in their respective frames. The values for the latter two variables are specified by the platform manufacturer and are given in Table 3 .
By differentiating Eq. (4), the inverse rate kinematics can be found. These can be written as follows:
where is the platform Jacobian matrix. The Jacobian matrix can be calculated analytically (Advani, 1998) , and is a measure for the kinematic efficiency of the platform motion for a specific system configuration and pose. Additionally, the inverse acceleration kinematics can be solved. For this, the reader is referred to Harib and Srinivasan (2003) .
The reverse process to the inverse kinematics is to determine the platform pose from actuator length measurements and is called the forward kinematics. For a general Stewart platform, an analytical solution is not known, but a solution can be found with a numerical, iterative technique (Harib and Srinivasan, 2003) . In general, a Newton-Raphson method is used to solve the forward kinematic problem. It is formulated as:
The initial guess 0 should be sufficiently close to the actual platform pose and could, for example, be the desired platform pose. The iterative process should be repeated until a solution is found with an acceptable tolerance between the measured and calculated actuator lengths. In practical applications, a tolerance level of 10 −6 m is reached in 2-3 iterations.
The dynamics of the Stewart platform describe the relation between the force/torque vector and the position, velocity and acceleration. The inverse dynamics are used to calculate actuator forces from position and attitude, and their derivatives. For this, an analytic solution exists, similar to that of the inverse kinematics. The reader is referred to Harib and Srinivasan (2003) for more details.
The forward dynamics are used to calculate the motion of the Stewart platform given the actuator forces. When assuming the platform cabin as a rigid body, and disregarding the inertial forces of the actuators, the Stewart platform dynamics can be modeled in ℱ as follows (Koekebakker, 2001) :
Here, is a matrix that contains the normalized actuator vectors, is a matrix that holds the platform gimbal locations in the platform reference frame, are the actuator forces, is the cabin mass, is the identity matrix, is the platform inertia tensor in the cabin reference frame, Ω is a skew-symmetric matrix that contains the platform angular rates, and is the gravity vector.
A reduced form of the model is given as (Koekebakker, 2001 ):
where the influence of the mass matrix , the coriolis and centripetal effects , and the gravity are clearly separated (Koekebakker, 2001 ). The Jacobian is used to transform the actuator forces into the platform coordinate frame.
Identification of model parameters
The dynamic model of a Stewart platform given in Eq. (8) has 10 parameters: the platform mass , the position of the center of gravity in ℱ ( , , ), and the values of the inertia tensor . As the cabin is symmetric in the forward-backward vertical plane, we can assume that the cross products of inertia = and = equal zero. Furthermore, (= ) is assumed to be small with respect to the principal moments , , and and therefore neglected here. This means that the axes of the cabin reference frame are considered as the principal axes of the cabin.
The motion system documentation of the MPI Stewart platform states that the platform controller is a PD-controller controlling actuator length error and actuator velocity errors ̇ with respect to a reference trajectory. The proportional gain is given as and the differential gain as , as shown in a block diagram of the complete platform model in Fig. 4 . The relative contribution of the controller gains is known, but not their exact values. Therefore, and are expressed in terms of a general controller gain with the following expressions:
The controller gain is unknown and therefore needs to be estimated as well. The PD-controller of the platform is only responsible for the dynamic platform motion. As can be seen in Fig. 4 , a feedback of static forces is implemented based on the current platform position. The gain on the feedback of static forces is to account for the bias in actuator length found in measurements.
In total, nine model parameters needed to be determined for the dynamic model: , , , , , , , , and . The parameters were determined by performing frequency sweeps and circular motion measurements on the MPI Stewart platform and fitting the dynamic model to the measured data (Nieuwenhuizen et al., 2009) . As the platform model is non-linear, an optimization procedure might find a local minimum instead of a global minimum. Therefore, a grid search was performed to find the optimum parameter vector.
The estimated values of the model parameters are given in Table 4 . Simulation results of a frequency sweep in yaw with the dynamic model are given in Fig. 5 . It is clear that the model captures the response in both the driven axis and the undriven axes very well. By using a static feedback gain , the model is capable of tracking the static bias in the measurements in heave. However, from Fig. 5c it is also clear that the controller in the model needs some time to settle. The circular motion measurements were presented in detail in Nieuwenhuizen et al. (2009) , where it was shown that the platform model could capture the behavior throughout the entire workspace well; the simulated platform position was accurate on a sub-millimeter level.
Validations of the dynamic model of the MPI Stewart platform were performed by simulations with independent measurement data that were not used in the model determination process. These simulations showed favorable results with sinusoidal measurements in heave and again indicated that the estimated parameters for the dynamic model describe the response of the MPI Stewart platform well (Nieuwenhuizen et al., 2009 ).
Noise model
The actuators of the MPI Stewart platform are driven by electrical motors combined with a ball screw to extend linearly. In comparison to hydraulic actuators, electric actuators are generally regarded to introduce more noise into the simulator system. Therefore, a noise model of the MPI Stewart platform was created. It was assumed that the noise of the MPI Stewart platform could be described by a filtered Gaussian white noise signal.
The measurements for the noise model were based on the signal-to-noise measurements previously performed on the MPI Stewart platform (Nieuwenhuizen et al., 2008) . Separate measurements were performed in heave and pitch with sinusoidal platform motion at different frequencies and amplitudes. Measurements were also performed without platform motion to determine the static noise properties of the sensors in the MPI IMU, and to verify that the dynamic noise in measurements with platform motion could be distinguished from the static sensor noise. The power spectra of the measured signals were analyzed at frequencies that were not used for driving the simulator, and the mean of the measured spectra was determined.
Comparing the dynamic noise spectrum in pitch with the static sensor noise in pitch revealed that there was no difference in the signal power. The noise due to platform motion is masked by measurement noise in rotational degrees of freedom and cannot be measured accurately.
However, for the heave degree of freedom a difference was found between the power of the dynamic noise and the noise in static accelerometer measurements. The measured noise can be described with the following shaping filter:
By applying the shaping filter to a zero-mean Gaussian white noise sequence with variance of 1, a signal is obtained that describes the measured noise of the MPI Stewart platform in heave. The standard deviation of the generated noise signal is 4.230 • 10 −2 m/s 2 . For simulation on the SRS, the white noise sequence is defined as an acceleration signal, and to prevent extreme excursions of the motion system only frequencies above 1 Hz were considered. For frequencies below 1 Hz, the amplitudes of the noise shaping filter were reduced to 0 when the noise signal was generated in the frequency domain.
Reduction of the MPI Stewart platform model
In this section, the dynamic model of the MPI Stewart platform will be analyzed. Simulations of the model will be compared to measurements of the baseline response of the simulator. Based on this comparison, a reduced model will be proposed that can reliably represent the dynamic characteristics of the MPI Stewart platform. Table 5 . Parameters for the model describing functions.
Analysis of the full rigid body dynamics model
The dynamic properties of the MPI Stewart platform model were analyzed by simulating the response of the model given in Fig. 4 to the input signals of the describing function measurement at 1000 Hz, for all degrees of freedom. Thus, the describing functions encompass the entire platform model block diagram, including the platform controller and the modeled platform dynamics, but do not include the platform filters of the MPI Stewart platform.
The results of this analysis are given in Fig. 6 for heave and pitch. The responses for the translational degrees of freedom are very similar, as are the responses for the rotational degrees of freedom. As is clearly visible, the dynamics of the model are mainly governed by a flat one-to-one response with a time delay. The parasitic motion in the non-driven degrees of freedom was found to be negligible, and is therefore not presented. To characterize the model response, a first order model with a time delay was fit to the simulated response for each degree of freedom. The time delay of 35 ms used in the simulations could be estimated reliably. The time constants for the first order models, , and the associated break frequencies, , are given in Table 5 . The values for and were very comparable for the translational degrees of freedom and for the rotational degrees of freedom. However, in heave the break frequency was higher than in any other degree of freedom. The break frequencies lie above the frequency range of interest for the MPI Stewart platform model, which extends to approximately 10 Hz. 
Baseline measurements on the MPI Stewart platform
The hardware of the MPI Stewart platform features platform filters with a default break frequency of 1 Hz, implemented by the manufacturer, see Eq.
(1). It is possible to enhance the response of the platform by increasing the break frequency of the platform filters. The describing function measurements were performed on the MPI Stewart platform with break frequencies of 1 Hz, 5 Hz, and 10 Hz. The results are given in Fig. 7 .
From the measurements it is clear that the amplitude response of the MPI Stewart platform is very similar to the analytic response of the platform filters. Only at the lowest measurement frequency the measurements deviate from the nominal platform filter, which is attributed to low signal-to-noise ratios. Thus, the platform filters determine the dynamic response almost completely.
The phase response of the measurement reveals a constant time delay of 35 ms for the MPI Stewart platform. This time delay represents the difference between measuring a response of the platform to a motion command.
Reduction of the model
Given that the response of the MPI Stewart platform model almost exclusively equals a gain of one for the frequency range of interest, it was decided to not include the entire model in the final simulations of the MPI Stewart platform on the SRS. The response of the actual MPI Stewart platform is predominantly governed by the platform filters implemented by the platform manufacturer. Thus, it is sufficient to only integrate the platform filters to represent the MPI Stewart platform reliably on the SRS. Additionally, a time delay was implemented to account for the time delay in the motion system of the MPI Stewart platform.
Summarizing, a reduced model of the dynamic response of the MPI Stewart platform is given by:
where is the break frequency of the platform filter of the MPI Stewart platform, and the time delay. Additionally, platform noise was added as described by Eq. (10).
Validation of the MPI Stewart platform model on the SIMONA Research Simulator
In this section, the implementation of the reduced model of the MPI Stewart platform is validated on the SRS. First the baseline response of the SRS is presented. The reduced model is validated in terms of its components: the platform filter, the time delay, and noise characteristics. Finally, the results are discussed in light of the OMCT criterion.
Baseline measurements on the SIMONA Research Simulator
On the SRS, the describing function measurements were performed in heave and pitch. Two IMUs were used concurrently: the SRS IMU mounted permanently on the SRS for inertial measurements, and the MPI IMU for additional insight into the performance of the SRS. The simulator was used without motion cueing filters.
The results of the measurements are given in Fig. 8 . For the lowest frequency, the MPI IMU shows a deviation in magnitude that was also found in previous measurements. This was attributed to measurement noise and low signal-to-noise ratios. For the higher frequencies, the slight resonance peak for the measurement in heave is picked up by both IMUs. The amplitude response of the resonance can be modeled with a first order model, as shown in Fig. 8a :
In the pitch degree of freedom the magnitude response from the SRS IMU is attenuated above 1 Hz, probably due to internal filtering. The MPI IMU shows a similar pattern as was found in heave, with a slight resonance for the higher frequencies. Similar to the heave degree of freedom, the amplitude response of the resonance can be modeled with a first order model, as shown in Fig. 8b :
The phase responses in Fig. 8 can be used to determine the time delay between sending a motion command and measuring the simulator response. The time delays found with the SRS IMU for heave and pitch were 46 ms and 59 ms, respectively. The additional delay found in pitch is attributed to internal filtering which also caused attenuation in the magnitude response. With the MPI IMU, significantly lower time delays were found for heave and pitch, which were 24 and 23 ms, respectively. Based on these results, the MPI IMU was used in further measurements due to its lower time delay and better measurements in the rotational degrees of freedom. 
Validation of the reduced model
The reduced MPI Stewart platform model was implemented on the SRS for validation. First, measurements with different platform filter break frequencies are discussed. Second, the results of measurements with different time delays are given. Finally, measurements with the noise model are presented.
Platform filter measurements
The reduced model of the MPI Stewart platform, given in Eq. (11), was simulated on the SRS. The break frequency of the platform filter, , was varied between 1 Hz, 5 Hz, and 10 Hz, while time delay equaled 0 s. The results of the measurements are compared with the baseline simulator measurements that were presented in the previous section.
The results for the measurements in heave and pitch are given in Fig. 9 . The magnitude of the SRS responses for different break frequencies follows the analytical model well, although the resonance at the highest frequencies introduces some discrepancies in both degrees of freedom for the higher break frequencies. The resonance has less influence for the measurement with the platform filter with a break frequency of 1 Hz, probably due to the low amplitudes of the response at higher frequencies.
The phase of the SRS responses also follows the analytical model well, but it is clear that a time delay is present in the system, which is treated next. 
Platform time delay measurements
The implementation of time delay of the reduced platform model, see Eq. (11), was assessed by using two values during measurements: = 0 ms and = 35 ms. These were tested with the baseline configuration of the SRS, without simulation of the platform filter. Additionally, different values of the model break frequency were used in simulations of the platform filter on the SRS (1 Hz, 5 Hz, and 10 Hz). The phase response of the measured describing functions was used to fit a time delay. The results are presented in Table 6 . The difference between the fits Δ is presented to confirm the implementation of in the reduced platform model. For the model with a break frequency of 1 Hz, a time delay of approximately 13 ms was found. This value is much lower than the time delays found with the models with higher break frequencies. On the contrary, the time delay found with the SRS IMU is similar to time delays of the models with higher break frequencies, as is shown in Table 6 . These discrepancies are not related to the implementation of the MPI Stewart platform, as the difference in time delay Δ equals approximately 35 ms. A possible reason for these findings is that the most important data for the time delay estimation are the measured responses at higher frequencies. However, for the 1 Hz platform filter, these measurements become unreliable because the filter reduces the signal at frequencies beyond 1 Hz. For the MPI IMU, the measurements are probably affected by a low signal-to-noise ratio.
Based on the time delay measurements and results from the measurements on the platform filter break frequencies, it can be concluded that the reduced platform model given in Eq. (11) has been implemented correctly on the SRS. The response of the SRS to simulations of the reduced model is very similar to the measured baseline response of the MPI Stewart platform.
Noise model measurements
The noise model presented in Eq. (10) represents a shaping filter for a white noise sequence resulting in an acceleration signal, which was used as a driving signal on the SRS. As the noise signal was created off-line, the amplitudes of the shaping filter could be compensated for the resonance found in the baseline SRS measurements by prefiltering the noise signal with the inverse of the resonance model for heave given in Eq. (12). Since there was too much measurement noise present in the IMU, the response of the SRS was measured through the actuator lengths that were converted to cabin position. An example of a commanded and measured noise sequence is given in Fig. 10 , which shows that the noise causes the SRS to move at a sub-millimeter level in heave. It is clear that the SRS is capable of following the commanded noise signal very well. A small time delay is present that is similar to the measurements in the previous section. This does not pose a problem during simulation of the platform noise on the SRS, as it is a stationary process and its statistical properties do not change over time.
In Fig. 11 the describing function is given between the measured and the commanded noise signal for one measurement run. No power is inserted for frequencies below 1 Hz to prevent too large excursions of the simulator. For frequencies above 1 Hz the relation between the measured and commanded noise signal was dominated by a gain of 0 dB, meaning that the SRS could simulate the noise signal 1-to-1 and that the resonance in the SRS was effectively compensated for. The peaks in the amplitude measurement result from the randomness of the noise signal. Therefore, the describing function cannot be estimated reliably at all frequencies in a single short measurement run. From the phase of the describing function the time delay of the SRS observed in Fig. 10 is clearly visible. 
OMCT criterion measurements
The measured describing functions of the reduced model of the MPI Stewart platform on the SRS are discussed in terms of the OMCT criterion. The results from Fig. 9 are given in a magnitude-phase plot with the boundaries of the criterion in Fig. 12 . In this case, the describing functions do not include the influence of motion cueing filters, which were not used in these measurements. These would move the measured describing functions away from the criterion.
It is clear from the figure that it is difficult to determine the response for heave at the lowest frequencies due to low signal-to-noise ratios with the MPI IMU. However, the SRS shows good correspondence with the criterion up to 3.35 Hz (21 rad/s) in heave and pitch. This is well above the frequency range of 2-5 rad/s where the pilot-vehicle system cross-over frequency is expected to be for closed-loop control tasks (McRuer and Jex, 1967) .
On the other hand, when the break frequency of the MPI Stewart platform model decreases, the system response moves away from the favorable region of the criterion. For the break frequency of 1 Hz, the system response falls outside the criterion for frequencies larger than 0.5 Hz (≈3 rad/s). Thus, the default platform filters of the MPI Stewart platform are expected to have a large effect on pilot control in closed-loop tasks.
Conclusion
A model of a low-cost simulator, the MPI Stewart platform, was developed for implementation, simulation, and validation on the high-performance SIMONA Research Simulator. We conclude that: 1) the rigid-body dynamics model can be reduced to a form similar to the platform filters present on the MPI Stewart platform. This reduced model can reliably represent the dynamic characteristics; 2) the time delay of the MPI Stewart platform is 35 ms; 3) the SIMONA Research Simulator has a slight resonance peak at high frequencies, and the time delay of the simulator is 24 ms; and 4) the reduced model of the MPI Stewart platform was validated on the SRS with describing measurements and the SRS could replicate the model response and time delay characteristics. Furthermore, the noise model of the MPI Stewart platform could be reproduced well. Based on these results the model of the MPI Stewart platform was validated for use on the SRS. Future experiments will investigate the influence of motion system characteristics in closed-loop control tasks. Systematic changes will be made to the motion system dynamics, time delays, and noise characteristics to study their effect on human control behavior.
